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■Endorsement (1) Fron T. K. Sherwood, Chairman, Section B-8 
to Roger iidoias, Chairman, Division B. Forwurding report und 
noting» 

"In the course of the development of liquid 
charginga und other liquid dispersing devices 

•  -   by the armed services, it has been found that 
too rapid a breakup of the liquid mass is, in 
many cases u distinct disadvantage. The use 
of various thickening materials a'dded to liquids 
has1'been found to overcome partially, too rupid 
a breakup.  However, thickened fluids differ in 
rheological properties from ordinary fluids, the 

■ viscosity of which is independent of the rate of 
■ shear. The present work was designed to define 

and measure- these differences in an attempt to 
account for the better performance of thickened 
fluids in practice. 

"The thickened fluids investigated are of two 
main types, first, solutions of a besie alumi- 
num soap in gasoline, und second, mothacryletc 
copolymera also dissolved in gusoline, with cr 
without the ediition of a v.,up  such as sodium 
stearute. 

"For the above work it has been nccessi ry to 
design and construct suitable devices and apptr- 
utus for the measurement of the properties de- 
sirud. These include such devices as a viscosi- 
meter constructed from the bed of L jeweler's 
lathe, a viscosimet-r constructed to subject the 
fluid to an oscillationul force, a high pressure 
Jot to subject the fluids to treatment tm;logous 
to that which they would receive under the condi- 
tions of actual -use in a flame thrower or other 
device where they j-re ujected fr-m c s.u. 11 ori- 
fice under high pressure, i. device to obtain a 
measurement of the "stringiueua" shown by ». fluid. 
In addition to the orlgllMtl instruments devised, 

V 
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viscosineturs of :nuny well-known types such as 
tho Clark-Hodaaan, MacMichuil, etc. have been 
dinployed. M8 thcaa letter types are inert or 
loss standard equipment, tho details of their 
construction und use is left largely to refer- 
ences.  However, sufficient detail of tho appara- 
tus original to this work is contuined in the 
report to enable other workers to duplicate and 
use those devices. 

"The theoretical considerations of thickened 
fluids which have been developed in this re« . . 
port have be^n applied in the main to study 
of a breakup of uni^nitud jets and the ejection 
of the incendiary material us applicable to the 
M56 Incendiary bomb (now known as the II69 bu;db). 
In uddition to the continuation of work along 
those lines« it is expected that in thu near 
future the theoretical considerations involved 
will bo applied to the thickening of vosieunts." 

(2.) Twenty-eight copies forwarded to Dr. 
Irvin Stewart, ^crot-ry of tho National Defense research 
Committee, as Progress Report under Contract B-30U, OEMsr- 
338 with EaaUian Kodak Co. 

• 

• 

Hoger i.dmtis, Chuiruian 
by Hurris K. Chadwell 

Technicul Aide 

* 

• 
• ■ 

• 



1— 

t 

I 

TABLE OF       CONTENTS 

Summary Page 
Introduction l 

PART      I 

Rheologlcel Properties      -------2 
Properties of Possible Imoortenoe In the 

Flamethrower end    Incendlery Bomb    -    - 4 
Rhprloglcnl Measurements  ----»--5 
Viscosity Chenges under Sudden Stress    -    - 7 
Measurement of Elasticity at High Freo<ienelesl2 

(a) The Ferry Method 18 
(b) The Resonence Method IS 

Thlxotropy 17 
Shortness 17 
Werk Hardening   --------- IB 
Yield Value 19 
Summery of Rheologleal Properties -    -    - 20 
Discussion 20 

BUT    II. 

1/fl" Jet Experiments -»----- PS 
Factors Influencing Range 24 
Initial Momentum of the Jet ----- 24 
Jet Break-up 25 
M56 incendlery Bomb 'vxperlments  - - - 29 

/J»PfJ?DIX I. 

Formulae --------.-. l 

APPENDIX II. 

Renge Dets on 1/8" Jet  ------ i 



I  ■■■J.'IHl-  ■ ■ 

SUMMARY 

1> 
t 

1 

'   Thickened fluid« are being used .as fuel In flane throwers 
end In the lncendiery bomb. They differ- In rheologleel pro- 
perties frost ordinary fluids, the viscosity of which Is inde- 
oendent of rete of sheer, .. . 

. The present werk was designed to define and measure these 
differences In in ettemot to sec unt for the tetter t>erform*>nce 
of thickened fluids In orectlce. . 

The thickened fluids Investigated.e^e of two main tyoes, 
X-104* dissolved In gasoline and lsobutyl metheoryla.te copoly- 
merlfced with a smell amount of .methaeryllo sold and.dissolved 
In gasoline With or without .the.addition of soaps such as 
sodium steerate. Such fluids ere ell, found to be pseudoolnstle, 
possessing a consistency curve similar to .thet of Fig. 1(b). 
They mey or mey not be thlxotrbplc, have e. yield vplue or show 
work-hardening. The lsobu.tyl msthserylete lnterpolymers show 
considerable fore- end after-elastic effects end ell show 

. me'esureabl'e 'rigidity. ' Measurements of rigidity wade by oscilla- 
tlonal methods show it to be Independent of freauency end 
indlcrte no unusurl shrrt time effects, which might become 
imoortent under the conditions encountered! In nrectical use. 
Rheologleel properties of the typical thickened fluids are 
summarized In Fig. 6: end Table V, 

TTnlgnlted 1/P inch- Jet exoerltnente w*?T«e made In an ettempt 
to correlate nerformence of thickened fluids-in the flame thrower 

-with, their measured rheologlosl properties.. No significant 
correlation wes observed between range and-any verleble except 
the apparent Viscosity of the.jMtaickened fluid. Fig. 34 shows 
e semi-log plot of' eonerent' viscosity et a rete of sheer of SO 
reclnrccpl seconds versus rsnge for a number of fluids compered 
at the seme Initial nozzle kinetic energy. Felling on the seme 
line ere NevtonianT-.ostudoplPstlc (with end with ut e yield 
velue), thlxotroplo end diletsnt fluids covering e viscosity 
range from 0.1 to ROOO noises. The only deviations pre shown 
by liquids of low viscosity end Ugh surfece tension. This 
leeds to the belief thct the nrlme reouirement for P  flrme 
thrower thickened fluid Is pseudoplestlolty, 1. e., the 
possession of low apparent viscosity at high rotes of sherr, 
which allows eesy pessege through the orifice with ennseauent 
Fttplnment of high initial Jet kinetic energies, and high 
ennrrent viscosity et low retes of sheer, which orevents breek- 
up of the streem by the drrg of the surrounding elr (dlrgrpm 
p. 28), Nevertheless, this is not the complete story, since 
certein llouids, which ere "sh-rt", 1. e., leek strlnglness, 
end which elso have high moduli of rigidity, do net follow this 
rule.  Other frotors mey elso heve some influence,  it eopeers 
»     " 

«A besie slumlnum soep of olelc, npphthenlc and 
coeoenut oil fatty acids. I 

.    '■* *- 
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re- correct to stete, therefore, thPt. pseudoplrstlclty la a 

qulrement for high renge In the. fleme thrower but does not 
necessarily gurrentee good performance. 

In the Incendiary bomb (MS6) the requirements seem to be 
similar to those of the flame thrower, The filling must be 
expelled from the casing, requiring low apparent viscosity at 
the high sate of sheer involved, end must then trevel through 

■the air to the target without break-up, reaulrlng high apparent 
viscosity ft  e somewhet low rate of shear« The limited prellmlni- 
ery experimentel results seem to beer out this viewpoint, 
although compliceting effects due to the exoloslon mey be 
present. Another Important factor In lnoendlrry bomb per- 
formehce Is adhesion to the target. Little Is known of'the 
variables controlling this. It sppeers certain that the 
following reaulreraents must be matt 

1. It must be soft enough so that the impsot of the „- 
mass uoon .the wall will flptten It out into e firm, thin y 
layer without too much frecture. 

8. It must have a yield vrlue or rt lerat a high-enough 
aooarent viscosity rt low-rotes of shear .so that the mr.jse after 
being flattened out on the well will not run off too reoldly. 

3. It must hrve a little stringiness. This should be 
low enough so tnet It will n-t bunce off the wall and prefer- 
fibly low enough so thet the flattened mass will not draw 
together ogrln aft<°r being flpttened>and f«ll off. The exact 
rheologlcal orooertles reaulred to produce the ebr-ve c'-llties 
hcve not yet been entirely determined. 

• • ia 
• * 
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RHEOLOOICAL "RO^ERTIfiS'OF THICKENED PLÜIDS. 
i»1 

i 

"     .. October" ii,' 1942 ..: 

\- ..'.•■ ■    V"  •' ->■ ... " " : '• 
Introduction:  , "_  • >    1     »  . .   ^ 

In Hey, 194P, thla group «es «eked, under N.D,R.C. Con- 
trret OEMsi—538, to Investigate the rheologloel urocerties 
of thickened fluids, the.us«.-of which has been found edv*n- 
tcgecus In three weapons of *pr, nrmely: :'■■».!.. «" 

,1«  Incendlrry bombs, ..." 
2. Finne throwers,. i 
3. VeslcrntSi - •".  ' 

•'.*.■■"• 

In Incendiary bombs the use of thlokened gasoline rather then 
grsollne Itself svolds the Ptomlsrtlon rnd fl^sh-burn encounter- 
ed with the latter rnd n hot steady fl*me:Irsting r  considerable 
time (4 to 6 minutes .with the 6 pound"M-56 bomb)  is obtrlned, 
OrfPtly increased rrngea .result with the use of thlokened 
fluids In the flerne thrower.«'the "rnge of the service portable 
flrme thrower using e 5/16 in. nozsle rnd ISO oound pressure 
being Increased from epproxime tel'y 95 to 70 yards when r given . 
thlokened grsollne Is substituted for.grsollne or fuel oil, 
Little hrs been done with vesicant thickening agents.     »..U-3 

. •  • .• 1 ';.".  . ' ■ 
The thickening agents employed for Incendlrry bombs rnd 

- flrme throwers hrve been orinclprlly. aluminum or sodium soeos 
' end lsobutyl methtcrylrte polymers'. 'These mrterlrla when sult- 
ebly dispersed in gasoline give rise to colloidrl gels or solu- 
tions which show marked ..departures from the nörmr-1 rheologicpl 
properties of a liquid» . • Thus,.._ their'-flow characteristics are 
non-Newtonian end many of them oossess measurable rigidity. 
The Question arose as to which of these unusual physical pro- 
perties wee responsible for the Increased efficiency of the 
thickened fluids in bombs and flame throwers. ' If.it were 
possible to identify .these end then to oredlct from their 
laboratory measurement pctual 'ranges in the flame thrower or 
actual bomb performance,- this would allow easy testing of any 
materials, suggested as thickeners. .Furthermore, the.search >\ 
for new end better.thickeners should be stimulated. 

•.•..    .  ...-•■    .  . » *.. ■ 

During the "past Jfe-w months measurements of the. apparent 
viscosity, modulus Of rigidity, work hardening', thlxotropy and 
other properties of a large.number of thlokened fluids have 
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been mede using a variety of Instruments.  Measurements have 
been made with the normal vlscoslmetrlc teohnlaues, at frequencies 
of from 5 to 600 cycles pe r second and- under suddenly lmoosed 
shock. Simultaneously, a limited number of practical tests 
h«>ve been made. For unlgnlted flame thrower studies a l/R 
Inch 37° conical nozzle similar to that used by Hottel end 
Oarraway* wes Installed. By the courtesy of the Bayway group 
n number of M-56 bombs were filled with widely varying llaulds 
nnd the results on static Ignition studied. Consideration of 
the results obtained In these tests has' led to a ooint of view 
which, while It undoubtedly does not express the cornelete picture, 
Is believed to formulate at least partially the essential reoulre- 
ments for. a thickened fluid. 

:-,..* •■ . P Aj R T- 

Rheologloel Properties. 1 
Since It will be necessary to use m*ny terms such as 

pseudoolastlelty, work-hardening, etc., a short discussion of 
rheologloal oropertles, defining the terminology used may be In 
order. 

For normal llaulds the stress (F)-rete of sheer (dV/dr) 
curve Is a straight line (Figure 1(a)), the slooe of which gives 
the reciprocal of the viscosity (7). 

dV/dr - 1/n F (1) 

Many colloidal solutions and dispersions, e.g. rubber 
In toluene, shew curves of the type of Figure Kb) - oseudoplastl- 
olty. In many cases, such curves may be expressed by the eauttlo 

dV/dr e 1/n Fn (2) 3 
Pastes and suspensions, e.g. paint, clay In water, 

freauently show so-called Binarem plasticity (Flg. 1(c).'which 
follows the eouetlon: 

dV/dr ■ 1/q (F-f) (S) 

where f Is the Intercept on the stress axis, the so-called yield 
value* The precise shape of the curve at the lower rates of shear 
Is debatable; It may curve In to the origin In many eases« 

Still another type of curve'(Fig, 1(d))\a  shown by other 
pastes, where the apparent viscosity Increases with Increasing 
shearing force. Such a system Is srld to show dlletancy, 

*MJoint Reoort on Status of N.D.R.C. "rojects on 
Flame Throwers11 6,24.42. 

I 
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i       Frequently, the consistency curve of a system changes 
when It is allowed.to s,tsnd undisturbed.. . Most,of .the curve types 
shown In Flg.- 1 ccn be obtained wlth..the shape ,qf.the curve 
also dependent upon'the pest history of the sample. Hence, In 
many systems, time must be considered as a third variable« : 

If the apparent viscosity tends to lncease with time of • 
undisturbed •Standing st constant temperature, the system Is 
said to" be thlxotrbplfe    •"•"":. ."'—Y • - - ... 

Upon imposition of a stress, flow Is complete for the 
systems discussed thus-far. tibeh the stress Is removed, there 
Is no recovery of the specimen toward Its former condition. 
If upon removal of the stress there should be some recovery, 
then we have a vlaco-elsstlc material. Fig. 1(e) shows a 
plot of velocity gredlent.versus' time after application of 
8 constant stress. When"the deforming forbe Is removed, there 
Is a. slow partial recovery of the deformation. Suoh a llould 
Is- seid to 'show Tore- and after-elastic effeets« 

According to Maxwell« the. properties of a material inter* 
mediate between a liquid and a solid can be' treated In the ■ 
following manner. Jn a- body free from viscosity, !•*.., having . 
the characteristics of a solid only, 

F B a  . . 
where E Is the modulus of elasticity and 3 Is the deformation. 
Further, if t Is ihe time 

'•;...:'•' dP/dt *  E .ds/dt    ; , 

If, however, the material Is viscous, some flow will occur and 
the stress F will tend to disappear. The simplest assumption Is 
that It will disappear st s rete proportional to P. * 

":'.",   dF/dt s i,dS/dt..-'FA .. "\; ".(ft) 

».hen the deformation S Is constant. dS/dt Is zero and 
r •s'•', . . 

• '   ....."■"* ' t'-.F/dF/at  .:;; *' :. . (e) 

T is - knowji* as the relaxation time. • It is the time taken for the 
stress to decrease to 1/e of its.original value. For liquids it 
is extremely small, for perfect solids Infinite. 

■ '*:        ■ .i. • ■ »:-•. • ■ • • ...  .    , •   ■ 

«Maxwell, Phil, Meg. (4) 55, 155, 1*68 

 -- ■ 



A complete classification of the behavior of non-geseous 
bodies upon deformation was reoently given In "Nature"», end 
this•will be adhered to es far as possible In the following 
discussion« 

Properties of Thickened Fluids 
Flame Thrower em 

at  Poaalble In 
•■wmttHTOfcs 

»ortence In the 

;•■ For s normal, Newtonisn fluid physlopl properties which 
might pipy a pert In performance would seem to be limited tot- 

.1. Viscosity, 
2. Density, 
3. Surface Tens'Ion, . 

These have been Investigated by Hottel end Oarraway (ioc« elt.) 
for unlgnlted Jets In the flame thrower, who concluded "viscosity 
Is moderately Important and surface tension a ilte Important in 
determining the rsnge expected from a fluid". ' No Investigation 
of slwple,. Newtonian fluids appears to have been made In the case 
of the Incendiary. However., in Porton Report No, £915, the 
fragmentation of llould chemlcol warfere agents Is discussed 
end several Interesting experiments on bursting bombs described. 
These Included the followingt 

A« High «peed cinematography shows e fine spray 
of the liquid at the moment of ejection, 

B. When a tall-ejection type bomb Is functioned, 
the large droplets of llould are found nearest the bomb, 
the finest furtherest away but none more 'than 20 yards 
swsy. 

C. If the steel end plate of the bomb Is repleoed 
by a rubber diaphragm much coarser fragmentation is 
obtained« " 

■ 

D« A bomb was filled with three mlsclble layers of 
liquids of different density and colored with different 
dyes« The large dsops near the Vmb were all produced 
by the lowest layer nearest the bursting oherge. Very 
few. drops showed any signs of mixing of the layers. 

It was concluded that cavltstlon was- largely responsible 
for fragmentation and that Increase In viscosity should reduce the 
latter. 

v:ith the Incorporation of gums or high molecular weight 
polymers In gasoline, enormous changes In viscosity become 

•Nature, 149. 702, 1942 

a 

■ 
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possible, while density and surface tension ere hardly affected. 
At the sane time a number of new physical properties make 
thplr appearance; the thickened fluids ere no lpng^r Hevtcnlen 
but ra  a, general rule appear.to be visco-olostic. Hence, as 
other, fsfitbrs ooaelbty'dictating practical performance? we.must • 
consider,*   '. •  ".. ■   • 

4, Extent and chnraoter of .departure from Ncwtonlenism, 
' 5« Presence or absence of .a yield-value, 
5. Modulus of rigidity, 
7.  Relrxetion time, 
R. Thlxotropy, 
9* Work hardening, .... 

Time effects may be'of particular Importance, Thus, for 
th'- flame', thrower/* a thixotropic liquid with a ljlgh **t<? of 
recovery wouid seem to be ideal.  On passage through the nozzle 
the structure 'would qe broken down but a high rrte of set would 
allow It to rebuild TTOIdly to resist breek^uo of the liauld Jet 
by the'elr. For thl's reason attention wrs'peld to meßs-irements 
of modulus of rigidity end viscosity rt short time Intervals after 
stress was applied,  in the incendiary bomb thlxotropy with slow 
eccomodrtlon.may be of i^iportpnco. . The bombs will.undoubtedly 
stend for long periods"before firing, .allowing the mrxlmum cmount 
of structure to be built up* which might reduce considerably the 
brect-up of the" filling during explosion, .,,»'• 

It wes felt necessary"to investigate rll the ebove proper- 
ties for typical thickened fluids, at l^rst.ln e preliminary 
manr'-r, rnd for this reason .T number, of different types-of visco- 
simrtrrs hrv--> been used. ""It must be remembered th*t the solutions 
used ere non^ too reproducible rnd hence the.values .given in this 
report ere-good only for the perticulcr ecmplea measured rnd ore 
only indicative of those fqr~t;he,ir class.  In the case of X-104 ^      only 
solutions;  the  rheologicel properties *apperr'to be gr«>otly irf- 
fluencfd by the water content of th*" solid soap; .'-.", 

1 • . • ":''■ * •' *     • 

...  •*.'■.,». - »"'■*"■ 

RhoolOglcpl Measurements^   • 

'  Ordinary viscosity measurements hieve been made principrlly 
upon four instruments,  the Cl^rk-Hodgmrn,   the'Mr.cMichrel,   th" Stor- 
nier rnd the high pressure ccpillery viscosimeter.    Recently a 
Gardner MobilömPter has'elso b^on obtained. 

.... ..■'"....'. ...-">•   ".'. '..  • • ..:■-.'■    ■ 

» 



-6<- 

The Cln rk*Hodsmch vlscosimcter» (Fig. 2) is n torsion 
vlscoslmeter which-mry DP used for the determinction of visco- 
sities ct low rptes of' shseri of the order of 0.01 to 1,0 
seconds"!, end clso for the dctermlnrtion of. elasticities 
rnd rclrxi tion times*  It opnslsts of a cylinder,. 2.3 cms. 
dl??meter, suspended by m torsion wire inside en out«r cylinder 
of 2.5* cms* internal dicmeter*  The deflection of the inner 
cylinder is measured by an attached pointer, and a.scale gradu- 
ated in degrees.  The tordue spoiled la similarly .messured 
et the top of the torsion wire by another pointer and acale. 
By twisting the torsion wire through, say 90 degrees, and 
timing the travel of the lower pointer until eouillbrium Is 
reached, a shearing force-deformation curve'can be obtained 
and thence a normal consistency curve, velocity gradient- 
sheering force*  The instrument can be cfclibrfted using a 
.Bureau of Stardprds oil of known viscosity or its constants 
may be calculated from the dimensions« Good agreement is 
obtained between the two methods. 

The MacMlchael vlscoslmeter ♦» consists of an inner 
cylinder suspended by a torsion wire inside'an outer" eüp'" 
which can be rotated by an electrical motor at from 5 to 
50r.p.m.' ' Measurements are made of the tordue and the r, p. m. 
and from these en eoos^ent viscosity versus, rate of sheer curve 
can be obtained, calibration again beingmade with the'aid .of a 
standard oil.  The MacMlchael covers a rate of shear range 
of approximately from 3 to 100 seconds"*. 

* 

To obtain velcoity gradients renging from about 1000 
to 100,000 seconds"1 the high pressure cepillary vlscoslmeter 
(Fig. 3) has been employed. The liquid under test is charged 
into a cylinder at the bottom of which is Inserted a capillary 
cf known length and radius* The liould is forced out through 
this capillary by a constant known nitrogen presaure. The con- 
stants bf the Instrument can again be determined by calibration 
with a liould cf known viscosity or calculated from the dimen- 
sions of the apparatus. 

The Stornier-*» vlscoslmeter has been used prlneloelly for 
sofelfIcetion work and for following the course of aging 
fxp.- rimonts.  A paddle Is rotated by means of a falling weight 
inside a cup containing the liquid (for dimensions of the parts 
see Fig. 4).  In this form the instrument suffers from the 

« J. Sec.Chem.Ind. 56, 67, 1937 

#* For p full description see Barr "A Monograph of Vlscometry" 
Oxford Ü,  Pr-ss,   1931,  D.   219 

««•For a full description see Barr "A M-nogreph of Vlscometry" 
Oxford TT.  Press,  1931,  p.   235 
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defect that rate of shear cannot be calculated In absolute 
units.  It appears from the results obtained that It lies 
somewhet below thet given by the VacKlcheel viscoslmeter« 

Fig. 5 shows typlccl viscosity deta obtained on th--1 abovp 
Instruments for most of the «hick<-n"d fluids suggested for 
oractlcfrl use* and for 8 number of llailds which havr been 

us-rd to test out the theories outlined brlow. While the curves 
for thr different Instruments dc not overlap as well es might 
be desired, the gmerel trend Is obvious.  The discrepancies 
mey be fundamental but mo^r crobebly e*e due to end-effects, 
Inaccuracies In calibration, etc. 

In general, the viscosities of X-104 thickened gasolines 
anoeer to Increase with temoerpture, there being a minimum 
In the viscosity-temoereture curve as measured on the Wecl'ichael 
ct rbcut 70°P. 

Viscosity Chonprs 'Tnder Sudden Stress 

The viscosities shown In Fig. 5 and meesured as described 
rbove ere essentlelly dynemlc or »-ouillbrlum vrlues.  They ere 
obteln^d, with the .xcentlon of the Clark-Hodsmon, after the 
llauld hrs undergone extensive sheer and givr no Information as 
to thr behrvlor which might br exoected when a sudden shearing 
stress Is applied.  The latter must occur in thr trll-^Jectlon 
type of Incendiary bomb when the filling Is oushed cut by the 
explosion gases.  An attempt to obteln data of this type has 
been made with thr so-celled Jeweler's lathe vlscoslmeter. 

TThr Instrument (Pig. 6) Is a rotating-cylinder tyoe vlsco- 
-   slmeter with three modifications.  First, the outer cup, A, can 
^  b'- mrde to rotate instantaneously at speeds from 20 to 10R0 r.p.m. 

by «turns cf a gear train, B, and clutch. Thus, the synchronous 
electric motor, C, may be started to run, movement of a lever 
then causes the outer cylinder, A, to rotate lnstrnteneously. 
Second, the lnn< r cylinder Is suspended from thr trilstock of 
the- jeweler's lr the by e torsion rod, E, 0.T06 cm. in diameter, 
so that movmrnt of the inner cylinder even with thr most viscous 
materlels is clmost negligible. The necessary rccurrcy In reding 
the deflection is obtained by ettr.chlng r mirror , F, to the torsior 
rod, 9  trace on 35 mm. cine film, driven by P synchronous motor at 
IP.7 cm. p-r sec., being obtrlned.  Third, to obteln oulck re- 
SDOnse the inner cylinder Is hollow*« nnd the period of vibretion 

* Formulae for thrse ere given In Appendix I. 

** To rvoid buoyrncy it is filled with chloroform. 
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cf  the  Inner cylinder-torsion rod system Is  only O.Oll seconds, 
minor f-fturrs BVt  the lowr v<^rinp,  which wos  found essentirl 
to prevent the  lnnr-r cylinder from being d-^gg-^d from Its 
0*nt'"C>l position,   thp cover  (0)  on top of thr  outer cylinder 
vhlch wes  nccssery to keep  the; mr-te-rlrl from crrwllng up  the 
torsion rod and B  thTmostr.tlc cup,  H, pieced cround the  outer 
cylinder, 

Th* materiel under lnvestigrtion Is plrcfd In thp cup «nd 
-llowed to st--nd for several h urs  to remove  rny ^lr hubbies. 
Rotation mry  then be  stnrted rnd  the deflection of  the  Inner 
cylinder followed vlsurlly on .•=   scnle  or photogT'-Dhlcfily. 
F'g.  7 shews  typlcnl photogr« ohlc traces fort 

1«     Bur-eu of St-ndcrds  c-llbr» tlon oil, 
Viscosity 13.35 nols'g,     Newtonian liquid. 

2. 4«S butyl m-thccrylete   in pnsollne. 
Viscosity 150 noises.     11 wtonl'n liquid. 

3. P# Bintonlt-    In water« Thlxotroolc. 

4. St-rch-pl'jc s'>-plvc-rln<-  mixture.     Dll'tent. 

5. Fomuli   ?41*. 

t 

6. Fonwoli  ?500. 

7. 9% X-104 

P.     3A1-1. 

The dlstrnc of th- cr-m.-rr from the mirror Is noted In the lower 
left hrnd corner of e'eh tr'.ce. 

Below Is r  schematic t"clng, shewing the quantities It hns 
been DORPlbl' to m- psure In crd. r to ch-r'-ct-rlze thr trrclngs 
obtained.  These rpr 

/ 
T> 

11 Oir*a 1 
T 

* For •XDlJ-n'-tlon of formulr, r»Dp-ndlx I. 
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D0 a the deflection pf the torsion rod, which appears at the 
seme rnte-PS"would the deflection corresponding to Newtonion 
viscosity* BW* ■ the maximum deflection. . Df ■ the deflection 
.obtained rfter *mex has been prfssed;. It may .or may not decrease 
with time, tot IU> s the final eaulllhrlum deflection-for n ■. 
given rrtte of sheer.  tmr,- - the time'-from the st»rt of »etrtion 
to repch D, mrx« »"■ ■ the nngle rt which the rise to D^g* begins» 

T»ble I shcw.s sehemc.tlp-llj the\behn.vlor with respect to 
these aurntlties of the various "olrsses of mptfirls examined» 

• 
•                                1 

TABLE      I • 

• 
m^x 

0 

0 

0 

• 
BEHAVIOR ON TH3 JEWELER'S LATHE VISCOSIMETER. 1 

                         Rr te of 
»Vrtc-rlel«.  »wr.      Dn      »    .       D-      ftp            Y 

N^wtonicn                        All-  . DQ s na/tx ■ Df ■ V           ° 

Bentonite     )                   low        DQ < D        s Df > Q, m-rsurpble 
Formulr 241)               .   high      D. v Dmp_ r Dr  N D/             ° 
A-2800*         )                                   . °        mcx         f '•r- 

1 
1 

X-104 ) 
Isob'ityl »Beth'" cry- ) 

|«t* lntTnolymci») 
X-104 ♦ pulped ) 

newspaper . ) 
X-104 ♦•Tclyprlc .) 

resin ) 

Dc *U  1  Dm'-'x v Df *    3?    measurable  . 14-.65se 
D,,,^ is P function of V*s\ .29-3.2 ■ 

time. 
Dl*,- increnses with lncrinsing 
■■*    r«t«   of sh-rr. 

Df   increases with -incrrr.slng . .05-.24 
rete of sh'-nr. 

For X-104, Y increases with 
, lncrmsing rote of »henr, 
• For A-2G00 J> "     m«sy be> Dj^    For 3A1-3, Y decree>t»s with 
,'-• Increasing rote of sh^er. 

' 

The trrcf> for Nr-wtonipn fluids shew r  sudden, shrro rls*» 
rt the. moment the outer cylinder stp.rts to- rotate' followed by 
I constant deflection, .proportioned to the viscosity of the 
fluid. Smell vcrictlons In the trace should be neglected, r.s 
they hrvc bern proved due tn instrument vibrations. The rnte rt 
which the eoulllbrlum deflection is reached is pxrctly the srme 
which would, result if. the' inner md cuter cylinder wei»e connected 
meche.nicelly *-nd the outer cylinder rotated.  This indlcotes thrt 
for true llaulds r-auilibrium conditions of flow pre rprched in P 
time thct is lmmersureble on this pppprptus. 
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Very different traces ere given by X-104 ond lsobutyl meth- 
oerylate lnterpclymer thickened guns, a pronounced Vm0xt  whloh 
Is P function of the.time tne solution Is ellowed to stend un- 
disturbed In the cup between runs (Pigs. W» md 9«), being ob- 
tolned. Celling this tine the rest tine, It cen be seen.that 
the X-104 thickened lloulds show a much more rapid build-up of 
D-p- with rest time then the lsobutyl methacrylate *nterp«lymrra. 
In figs.910 and 11, D^, Is plotted vs. rest time for the 
two types of thickening agents. The curves tend to. an asymptote 
for Pmrx, Its value being Djf8X for Infinite rest tine. 

• Ihen (to&x  * ^nsx). I.e. the difference between the deflec- 
tion end the maximum deflection, Is plotted against rest time, t, 
on semi-log paper (Fig. 12) n straight line Is obtrlned for the 
X-104 thickened materials Indicating thatt 

dt 
■ -*<l£ex " *Wx) 

This might be exnected If the ehr.pge occurring were from one 
sl-nplc statistical distribution to mother. As seen for 9% X-104, 
the lines for different r^tes of shear ere sll parallel, Indicat- 
ing the seme rrte constant. For the lsobutyl methscrylrte lnter- 
polvmer thickened materials there e.pp -TS to be no simple log- 
arithmic "elatlonshln. 

For X-104 solutions the r'-st-timc necssrry to reech D*rx 
Is greatly lncrcrsed ot low temperatures md d^crepses Pt high, 
straight lines of the type of Fig. 12 still resulting when the 
dctr ere clotted In the seme manner. From the vines It may be 
crlcul't- d that the setlvtlon energy of the chmg" occurring 
Is °i9 kllogram-crlories, which Is oultr close to thct of. the 
hydrrgen llnkoge (about A.5 kllogr&n-clories). 

Figure 13 shows a log-log plot of rope rent viscosity, n^ , 
CPlcileted from the values of De« vs. velocity gradient for 
9% X-104 rt  different ret<?s of sherr and temperatures. It will 
be seen thet the points lie on e single straight line. Como-rl- 
son of the d"tr with thrt of Fig. 5 shows that the l'ne lies 
pcrsllel to thet mecsured on the MccMlcheel for 9& X-104, -1- 
thoügh the absolute vrlues of the apparent viscosity ere low, 
forming morp nearly r continuation of the Clerk-Hodsnen line 
for 9% X-104.  Also shown on F1g. 13 ere th° noints fcr 0»ex, 
CElculPted from D^ H#trp the B„lnt8 do not lif.  on r  stnefght 
line end "*) m/x lnerneses with tenprrcture. 

The Interpretation of the above »esults obtrlned on the 
"Jeweler's" lr the vlscoslm^-tor" Is m t altogether cl*ar. ' Ps«»udo- 
plestlc liQilds divide themselves 1ntr twe classes, those which 
give the characteristic hump In the deflection curve md those 
which do not. This corresponds to the difference In sppearence 

# Note thet In these figures the trece Is reversed, the stcrt of 
thf experiment being on the right hmd side of the figure. 

J 
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of the two types.     The former,  exrmlnrd undor th* microscope, 
«re oithpr ootlcrlly cWr  (X-104) or show.relrtively lrrge 
soh.orulps  of wnter Usobutyl m<'th',cryl«,t'? tntproolymrr).    The 
V tter rr» definitely opcou«-. . Formulr. ?.4l        . show*" c 
If rgf  number of very smell wr.tVr globules ündT the microscope-, 
r-ipproxlmntely one fortlpth of the sire of thoso observed In 
the lntproelymT gels.    The lstt r type, wh^le they hpve a- 
high rigidity oh the Clork-Hodsmrn (vldp lnfre), show little 
elestlc rft"r-rf<>overy, differing merV.-'dly In this respect from 
thr lsobutyl methrcryl«-^«1 Interpclymora.    In the former type 
It mey be susoectod thct their high viscosity Is.due to the   . 
muturl interference of long chein molecul-s, which form e , 
'»prkly bonded structure when undisturbed*,    ^n subjection' to 
sudd«-n sh er,  thp  trngled snr.rl of fibrillrp tends  to straighten 
rnd «s extension occurs the b-nd.« »re  strrln'd trid flnclly 
br^ot.    After, r. rest period,   they hrve «efcrme-d,  rt V est nerti"lly, 
»nd the precss cen be rroected*    In the  letter type, high' 
viscosity raey be due tc Interference between the sohrulos 
which rre mutually Independent units.    While  the*e mey be .some 
preferred groupings, broken down en prolonged in*#r(- thus*'recount- 
ing f">r the observed thlxotroplc effect,  those will not give' 
«ny »"rxlmum on sudden sh'err. 

■ 

Elestlclty end Relpxetlon Time  Measurements. 

ncccrdlng to the Mexwell theory the drfciwtion occurring 
when P vi*scc-rl6stic mrtTlsl Is streined ern b<   broken down 
Into two prrtst - 

(r) viscous flew which Is nen-rec-^v« rcble,  end 
(b)  "n rlrstlc drformrtlep which Is  re vrrblf. 

It Is,  th*rforr,   Justifiable  to snr r. k of e modulus« of rigidity 
of these nKt»-rlels.    This h.es b>~en pj psur*d en th<" Clrrk-Hodsimn 
noporrtus   (en* ?bcve) by e simple  teehniaue which, h-wrve-r, 
si-ms tc glvt   rco>roduelbl'   result, geed tc rbcut 10£.    In 
orrctlce,  P *cro'ip'cf sry 10°«    is eoolitd by the  torsicn wire 
end thp reeding of the lower needle,  'ndlcetlng the deflection 
of the  imv-r cylinder,  is  t*ken *t enco.    Thet nomepsur^blV 
flow hi« token plrce,  i.e.  ovrt    (s) Is unimportant,  Is demon- 
strated by lmmedirtely relerslng the tceue', when the lower 
needle should return to zero.    The modulus of elasticity crn 
then tee ceic ij.rted. from the Instrument dimensions by the formul«-: 

R - T_-    Cl/rx - l/r? 

Sftr1 Lo 

rl = 
where u « length of inner cylinder 

radius of inner cylinder 
rrdius of outfljr cylinder   . 
engle through which inner .cylinder Is deflected 

T    s toreue'* 
R    : modulus of rigidity 

«Possibly by hydrogen linking In the X-104 solutions, 

■ 
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Elnstlclty values for the common thickened fluids end some other 
materials ere shown In Table II.  They have been found to be 
Independent of the rrdlus of the Inner cylinder used. For the 
Napalms rise in temperature cruses en lncreese In modulus of 
elrstlclty. • 

According to the Moxwell concept one other ourntlty Is 
reoulred t6 speelfy completely the properties of the material. 
This Is the relaxation time, which orn elso be determined on 
th-< Clark-Hrdsmen instrument'In the following manner. A twist 
of 90° Is oleced on the torsion wire and after the Inner cylinder 
hrg swing through, sey 30°, the toraue may be decreased slowly 
by manually turning the upper torsion heed so that the deflection 
cf the Inner cylinder remains constant rt 30°.  The time to 
rerch toroues of 50°, 40° .30°, 20° end 10° cm be obtained 
with a stop-watch. A curve of deforming force F against time, t, 
cm be olotted end from this by graphical different! ntlon r plot 
of F vs. dF/dt obtained. If T Is c constant, this should give 
e straight line, from which T crn be. calculated by eouatlon (6). 
In practice the relaxation times have been found to be variable. 
Figures 14 and 15, show the step« In the calculation end the 
variability of T with the lmoosed force,  Approximate relaxation 
times for typlcrl thickened fluids are also given In Table II. 

Measurement of Elasticity at High Frequencies. 

Early In the Investigation it wes thought that It might, be, 
not the statlo rigidity end relaxation time which would be of 
importance, but their v-lues at high freoucnclrs, Fcr this reason 
two methods for nrrs'iring these ouentltles at varying freouency 
were used. 

a. The Ferry Method« This has been fully described 
In the literature*. The method is optlc-1 in nature and 
depends upon the solution under investigation being optically 
cl-cr end b~coming birefrlgent under strain.  Hende, it was 
only possible t:  make measurements uoon the lsobutyl meth- 
acrylrte interpolymr-r gals. Results for these are shown in 
Tcblc II, while Dr. *erry made the following commentst 

"1. Within experimental error there is no dls- 
D.' rslon in any of these systems, so thet the relaxetion 
times involved apv less than 10 3see. In mrgnitude,«-nd, 
In the crse of 5A393, If ss than 10~*sec. 

"2.  The denrndence upon concentration in the A3 
series  shows that et r  given temperttur° th" modulus 
of rigidity Is roorcxlmetrly proportion*1 to the third 
Dowrr of the concentration.  A similar result was obtained 
for polystyrene, and attributed to Increasing numbers of 
"points of entanglement" of the orlymer chain with incrrcs- 
lng concentration.  This Interpretation might apply to your 
systems r-nd could frcllltate explanation of the temperature 

J 

* J. D. Ferry, J.A.C.S. 64, 1330, 1942 
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dependenc*1,   t-hus: 
n3.    ."rtie den enden c'- upon tanor rr tu re- shows   thrt the • 

•     .rigidity Increases rapidly with t^morrrture,. much 
!?»-?€  r/oldly thrn. th«- Dropertlonrllty to rbaelut* 

t^Bro^rVtur»- which Is   th<?er«-tic«-lly chrr«-etTlstlc of 
rigidity fssocl?t<-d with orientation Ttrony.     Th«-t 
tr«-   C-rl*nt«*tlca rntro^y rrnjiot contribute very mueh, 
anyway 's  sv wn  by the conoentrstl  n dependence. 

''points of entan- •"■v rues?  la  that the nui^er of 
plenient" la  lnc^eslnr with  Increasing temperature 
verBuse  the polymer 1s dissolved  In a   "poor" solvent — 
In the sense discussed by typrk et al.   In the last 
l"sue off the  J.A.C.S.   (94, 1^57).     The remarks  In 
tl)ot pape'r on the t«*m e-ature dependence of viscosity 
will el?r   apoly to a  rigidity wJlch 1* due  to t 'rnsfer 
c? stress  at D lnta vhere oclymer m leculee enne In 
.c ■ntoct.'* 

UM high freouency rigidities  parallel  the Clerk- 
Hodsman rigid!tes,   the .SAl-l being weaker than the 3-.3-P for 
both t'-sts.    furthermore,  the rigidity la approximately propor- 
tional to the third cower of the concentration in both instruments. 

b.    The »tesonance Method,     £r.  Sandvlk and Mr.   Goldberg 
of the batman Kodak C moany   ieaecrch laboratory have developed 
a method for determining the rigidity and vlecesity of vlseo- 
ela'tlc ma'terials at freouenciea   ranging from 5 to 70 cycles per 

aecond,  cc-eaponding r-'SDectlvely t» effective rates of shear 
of 0.7 to 35 reelprocbl seconds.     This   la done by measuring the 
response of e vibrating sy«»tem,  cf which the lio-ild under Mv| 
is  r  oart   ,   tc   sinusoidal forces  off i'nwn amplitude  end frenuenclea. 
The' er-is'tlons  upplylng to such vibrations  a-e el'mole 'and well 
known,   and  ourntlt'tive  d«-ta may be der*ved crmrsrat'Vely 
easily from the shsoe of steady state resonance cirvs.     Thla 
Is  an adv»ntsp*e  ?ver the method of Kend*>lie where e   torrue of 
known magnitude is Vtepll^d for a shrrt time  to the  Inner of two 
c ncrntrlc cyllndf *s  c ntainlng the liruld end  Its' m t1cn rec rded 
oh: togrenhic-lly.    Such ,-esiense curves are difficult  to analyze 
mathematically since they deal with transient conditions. 

The apparatus   (Fig.   16)  c nslsta   ~f an Inner cylinder 
suspended  by a silk  fiber »»-d centered at- its  lcwe" end by 
a pmfli hole-end-needle attached te the outer cylinder,  which 
is surrounded by fen ruter thermostatlc water Jacket.    The outer 
cylinder is rccurr.tely centered on the  «axis of  rotation of a 
turntrble, mounted on hearings  and rigidly connected to a  rocker 
arm.     Ifeil   Is driven by a shunt meter through a csm erd    rll bepr- 
lng.     In this way the turntf-ble can be given c   truly sinusoidal 
motion at freauencles ranging from .s to iC cycles n*»». second. 
Tie motion of the  Inner cylinder Is followed by P ml-ror and light 
be«m.     The width of the llg^t boaaj trece is measured as  a 

* J. V.  h»ndell, «neology Bulletin 12. 26, 1941 

I 
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f motion Of the freouency of the turntable determined 
strobofcoolcally. Several concentric cylinders «ere used 
90 thet the moment of Inertia of the Inner cylinder could 
be vrrled. 

Consider the various reaonant aystems shewn In *'ig. 17. 
-.1L contain two m»aa elements having momenta of Inertia, 
connected by a soring element with negligible mase, and a 
damping element crualng leas of energy. A turning fore* or 
toreue applied as Indicated by T en» csuae distortion of 
the springs C acccmoanled by a viscous drag R.- For auch 
aystems: 

T . V dV/dt 
v m dx/dt 

dT ■ dx/C 

and for truly viscous damping:. .  

T ■ Rv 

»here T *s t»"» toroue, a ls% the moment of Inertia, v the 
nngulrr velocity, x the cng-ilar dleolecement, C the com« 
ollance (angular defl<*ctl"n divided by tcrnue), and X 
the damping of the llould lryer enised by viscosity. 
Prom these relstlcnahloa the eouatl^ns given In Pig. 17 
can be derived.  It raev also be shewn that the amnlltudes 
of the dlsolscements of the two masses, X, 
oroDortlonal to their velocities. 

end X« are 

*l/vji s Xl/X2 »s m 

This Fmplltude ratio, m, Is mesa»red as s function of the 
ffouencyj f, giving crves similar to alga. 1*, 19, 90 
*nd from these the c?mellanca may be calculeted: 

whew w s ?wf. 
""•6X  ">   3« 

c   s lAg»? 

This holde  only when damning la  small.  I.e. 

In order to derive the ehesr mcdulus of the llo-iid 
from Its cornellance, the H«jJd may be divided Into three 
zones     (tig.   21).    If: 

L    r denth cf  Immersion 
s    ■ thickness of end layer 

nadll of eyllndera 
shearing force 

S    • surface of c ntsct between adjoining leyem 
C    s shear modulus of the liquid 
C    m c mnllence of llould 

dV/dx    • shear 

1 : 
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then: 

dV/dx    ■    F/sG 

The ccmnlienee of oert A of the lln-aid Is   (Pig.  81). 

8/dx/P*2 

«Jdx/Gsx 

C^.   r   f*dx/P & LGxJ 

where dy-   ■ dx/x 

2 

( 

for oprt B one finds In e similar weyi 
,B 

Jj    fanox3(x-r1) dx 

Frr osrt C the engineer'•  tcrs^on formula may be used: 

C      r 2s/Tiri4 

c 
and the totol eompllsnce Is given by: 

C ■ °A * CB 
A  CC 

V»hen numberlct 1 celculetlons e^e wade It Is seen tret 
orovldlner th? nnnulcr so^ce between the Inner end outer 
cylinders Is not g^eat (*i-rp «bout 0.9) CB r.nd Cc ere smell 
comoered vlth C, end 

C . Ck . 1/4 ".LG (1/r^ - l/rp
?) 

G . l/r^ - l/rf*      '  . 

 TfTEC  

Sh'-nr moduli of tyole»l lla-ilds cclculr.ted In this way 
s*r Dlotted In *lg. ?? egelrst the effective rr,te of she*r* 
end a^e summarized In Tsble II. 

«The rate of ahear which, If ectlng In e Newtonian 
11a ild continuously, would ceuse the same dissipation of energy 
in the llould rs the varying -ajfce of sheer actunlly aoplled. 
For elrusoldfl motion r -- ■ «/5/P r.  As the obese angle 
of the velocity ratio m of the two oylinders Is en-iol to 

I 
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90 at resonance, the nodulus of that ratio at resonance is 
M ntprrx 

or approximately /m/~m   for n>5.    Therefore the effective rate of shear 
acting in the vibrating systen described in this report ie 

reff . mXwAte -   rj,)       Hi 
substituting nuhberal valuest 

reff - wraAOO     sec.-l 
The finite height of the resonance curves shown in Fig. 1C-20 is due to the 
dissipation of energy in the liquid because of its viscosity.    In Fig. 17 
it was shown that the nuiaerical value of the viscosity necessary to account 
for the observed height of a resonance curve depends upon the position of 
the damping element in the vlbratin,- systen.   An attonpt has been made to 
find a Mechanical model which would account for measurement made under 
steady shear and also for the shape of the curves obtained by the resonance 
method. ■ 

In Fie. 23(a) such a model is shown,    The liquid is built up of 
units III-J£ which can expand as stress is applied, and contract whun it is 
removed.   Their compliance C and daiaping RQ accounts for all the elastic 
properties of the liquid^   However, if thu shearing force be large, or    • 
applied steadily for long periods of time., separat   units will slide over 
each other appreciably, causing permanent deformation.    Assunin? no break- 
age of the elastic units, steady shearing fnreus, as ap 'lied in an brdinary 
visconctcr, cannot caus>- flow through lqj except for transient displacenents 
shortly after the shearing force is changed (elastic for.- and after-effictn). 
The viscosity measured in the classical instruments 16,  th refore, represented 
by he.    The formula for Rn based on this model is vhown in Fig. 23. 
3y the use of Rg viscosity data, obtained in a sti ady-shear visconet. r, 
numerical values of UD can thus b. calculated. 

For the model shown in Fir. 23(a) both R,,viscosity and shear 
modulus would be expected to vary in the soiv nanner with concentration. 
'A'hic is brought out by Fig. 24.    Both vary with about the third power of 
the concentrations * and this function is independent of r ite of sh«ar. 

Fig. 25 shows ■ log-log plot of Rn viscosities versus rate of shear« 
It '.ill be noted tliat the slopes of the hn viscosities ar«. almost identical 
with those of Rg viscosities measured in the iiacllichacl viscosiacter although 
the values are much smaller.    Vita the small amplitudes used in the present 
experiments no flow due to Re would, therefore, be expected to occur.   *>ouc 
experiments wen. uade with fivu-fold the amplitudes used here, out only 
slight difference in the resonance curves was observed,    nevertheless, at 
sufficiently high amplitudes a change in resonance characteristics uust 
be cxpuctod. 

* It is interesting to note that, in the Clnrk-Hodsaan experiments, 
the shear modulus was approximately proportional to the third power of 
the concentration. 
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Thixotropy. 

iiany of the thickened tv.terials htv»  hoen found to 
exhibit thixotroTy, this b'.-contnr particularly narked at 
lw t-.up. r:.\ur s.    It cm readily b-; detected trtth Foraula 
241 on t>ie :r.c'..ic!v".cl -.nd Is e-.rily dcaonstrit^d by the 
falling tall technique for X-104 tkickenad flu I Is. 

.."hen ft stu.i ball is - limit d to drop through n tube 
cont-.lnini* D i.vv.ln or X-104 solution, an initial r-rding 
for th- fall rato is detained. ' If now the tu'jt,- is ir-'xdiate- 
ly inverted • nil th». travel of the b-11 npr.in t :.-.d,  the 
rate will be f v-inU to bw ;«lch c'tr.tor,    However, if the 
tu 't be allowed to rtr.nd undlct-rub- d for a period, th 
in.iti:il'r -.ding is regained r.nd ftp icars to be perfectly 
is.producible.   The uininun standing tirw. n-.qr.Mary or 
■reevfe ty tiik."' is ir.-ic •-< '1 in Table III Tor several 
cty.z'.:'..- \'i -..: of '/ ip 1...    This phenol«..-.«!» re* .-•• to be 
th>   SJiK. as .th. structure Or. -.1:—i<r.;n and subsequent h.-.lir.r 
:v asured in the .1e*.«.lerls lath- vlseoaineter. 

' :  '-  :  
*    ' B>-coy.ry Tiner for 3, G, :.nrl 1Z.' j>.pr.ln 

*• 
Conc.ntration   . -10°F. ,,0oF. 100°?. 

* 

ca. 7 nins. 
SO  ulr.3 

:-s t'.cs. 
c.. 1.5 .nine. 

4 ul.as. 

IreKasurable 
Very short 
Very rhort 

At - 10 ?. th     f.f.ct is RO :i5rk-'l that tlH vtsositUs of 
these ir.tert:.ls Cannot be •. «sur 4 or. thv. .r.c*l-cha«.l or 
Stor.i.r viscosi-.» t« rs, th«   r «ulti. belnr too c>n:"usir.g. 

Pr ci?. n-.r.sure   .nt -f »hie property, ••..'. indicted by 
change oi" viscoelty ,or. stendinr or stirrinp,   is difficult 
so that in th. ordinary viscosity det.ruinations as f".r 
a pocsiblv »quillbriun v-«lUi.s of viscc?ity have bcen_ta!:en. 
Y.-Jv rth-l.se, it oust be r   i.:t> r J that r>arfy of th. thick- 
ened fluids rhoi: this* prqp.rty tt> a gre \ter or l.ss degr.,-.. 

Shortness. . • ... ——— 

If on    iips   . h'.rid into a inns of uhi'ckencd fluid -nd 
ui t:.dra«./s it r'.pidly, th    r%l n-y 3tr»n»_ out skouinr con- 
Ei.dr.rabl. extensibility or nay break off,  in wkicii c age 
it is sat-! to bo short.    This property variously '.a-man ~.s 
ustririrines3", ■shortness", "oAt risibility», etc. appears 
to .e luportant in the .»radical behavior of .the thickened 
fluid,    -r.ort pjels shatter I rd do not cr.rry i.-ll either in 
the flatie thrower or incend.ar;/ boKb i.t th.. sane ti«. 
they rhow lv.ck r»f -dhesior.. 
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In an r.ttemnt to evaluate shrrtnesa, which admittedly 
has n t bean ccnrole tely satisfactory, the following teat 
wet* developed! 

A glasa tube of eonrcxlmetely 4 mm. Internal 
diameter end having a gr und glass jclnt at lta mid- 
point la filled with the materiel under teat. The 
lever end of the Joint la held In e claim) (Fig. 26), 
the joint carefully looaened and the unper half 
raised at a constant sneed of 0.5 Inch ner aecond. 
The distance between the two glean tubes at which 
break«»e of the gel thread occurs has b?en defined as 
the extensibility. For e good "long" gel It will be 
greater then 9  Inches, ah rt gel« may show velues 
less than 0.5 Inches. 

A convenient method of making short gels of X-104 Is 
to rdd small oercenteg*»s of ">olyprle Resin (abletic acid 
dlmer) to the solid X-104 before solution. Table IV shows 
vrlues of shortness end Clerk-Hodsman rigidity for P aeries 
with vrrylng rnunts of "olvpele Resin. It anp^e-s to be 
generally t««ie th< t short {reis hrve higher rigidity though 
It Is nosslble for «els with the sfime viscosity (as meesufed 
on the Stornier): 

) 

B L J-JL 

Sample Extensibility 

2.5 Ins. 

Clnrk-Hodaman 
Rigidity  

710 dynes/cm. a% X-104 In Vrrscl 
R/i X-104,  0.£5v  ■'■ lyonle 

Resin In v»raol,0.65 Ins.      910 
a~o X-104,  0.5% "clyorle 

Resin In Versol,0.5 Ins.        »90 
oi X-10«, it ncly ele  Sesln 

In Varsol 0.25 Ins.    1290 
to hnve differing extensibilities.    X-104 pels  aa  first wpde 
UD tend to be shcrt,  their extensibility 9nt«eM<fJg »"»Mdly 
cv-r the first ?4 rrs, 

Work Hr -»denlng. 

V'hiLe attemntlng to evrluete the nroperty or agalomera- 
tlon of ronertl^s vtrlously known as "strlnglnesa , short- 
ness", tensile strrrgth", etc., It was found that certain 
of the gums exhibit werk hardening, 1. e., Increased resist- 
ance to sherr upon mechenlcel working. This cen readily 
be seen by shaking e solution of en lsob'tyl methacrylate 
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intoroolymer in either gasoline or Varsol*,1 when the gum 
tckes en a '•'jello-llke" *rj eo^ence rnd cen be demonstrated 
to1 hrve p. rlghe-r modulus of riridity :.s measured by the  . 
Cl«rk-Hrdsman, When shaking is stooned., the chnnge-brck 
from "gel" to "sol" is fairly repid, being «almost complete 
In from cne to.two minutest  A semi-ciontitative t<sst w«s . 
develoned in which the height of drco reouired for «> steel 
bull to penetrrte a given deoth of materiel was-determined. 
After she-king, the height of drop required for penetration 
Increased five or six-fold. 

v.ork-herdening has boen observed mainly on »formulce 
of which the isobutyl methacrylate oolymer AE or inter- 
polymers ere c mbonentjs-  It does not enpeer to be found 
for mixtures of the type of Formula 241 or for the X-104's 
except when r>olyoele. Resin is added.  T>is egnin is in. 
agreement with th*> nicture thnt'the isobutyl meth«crylr;tps 
give long fibrils which may be oriented by starring to give 
strings or which sen felt together u-on sheklng thus giving 
r. "gPi

M or mr.ss of incrr-c«ed rigidity. 

Yield.Vglue. ,  , 

Precise determination of velocity gradients et low 
rrtes otf sh er in order to determine whether or not a material 
has P  yield vrlue la dlfflc.lt.  No thorough investig'et'on 
of yield value tail been made in thts study but two o'ielitp- 
tive tests to ear to give an indicrtion of whether or net 
r.  yield vrlue is oresent in c Dprticil&r m»;terlr.lt 

' r. The fr>vJe'prf.nce .of the surface cf fchr mcteflel 
»ft«? lf.ng stending undisturbed In n centniner. If 
this be smooth, th«-- m*tertf,l DT-obrbly hr.s no yield v-lue. 

b.  A blob of the mrterir.l mcy be nl«;ced between 
glrss Dl.'tes, If it-«jttrins a definite rudlus md shews 
no further increese in this with ti^e, then it has t 
yield VK.lue. 

By these tests, mr'terif-ls of the tyne of Formulr 241 
rppr«ir tö hrve'e yield vrlue.  The otrn" thickened fiuids, 
except 10% nulo^d npwsp'oer in 4'JS X-104 shew none.  This 
Is in agreement with the fact that susoensions of solids 
In Houlds. usually show yield vslues. 

* A higher boiling or-troleum faction. 
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Summcry of Rheologlcr.l Properties. 

All  the  thickened fluids  lnv stig*ted hr>ve been found, 
without exception,   to be non-Newtonlrn, with e  r*te of 
?herr-shee.rlng f~rce curve  co-vex to the sheering force 
exls.     One gr up show  ;lttle or no elastic »fter-recov^ry, 
the ether mry be clrs'ed cs vlsco-elrst'c.    Some mey show 
p yield vrlue.     Nearly all hrvc measurpble mcdull of 
rigidity rs mersu*ed stftlclly" on the Clrrk-Hodsmen r.Dprrr- 
tus or pt varying freouency with the Ferry or resonrnce 
instruments.     As msr-su^ed by the two lrst methods  the 
rigidity Is  independent of freouency er rmnlltude.     Relrxn- 
tlon tl'es »s me»sur*-d on tbe Clork-Hodsrann vr ry from 
ennroxlmrt^ly 5 to 40 sees,   rnd t>~e not Independent of 
deformation. 

V.'hc-n subject to sudden sheering force,  thickened fl'ilds 
such cs Formulae 122 end 241 reech their find viscosity 
rlmost Instrntcneously while  the X-104 rnd lsobutyl m« th- 
rcrvlttr   int?roolymer thickened fluids show r- m- xlmum 
deflection before coming to their enulllbri'im vlue.     This 
mcxlmum Is dependent up n the  time  the  11a -Id  Is cllowcd to 
«tend before  It Is disturbed. 

Thlxotro-iy h&s b<ien shown by some of th? mc te-rlrls, 
both of the methaeryltto • nd X-104 tyoes.     Dllntrncy h s 
not b:en observed although some cf th«' methrcryl-te   inter- 
polymT thickened mcterl'ls  exhibit v'crk-h':rdenlng. 

Tcble  V sum^trises  th? or^Dertles of some of the 
lloulds  Investigated,  m*rsurem-nts bMng »t 70°F, unless 
otherwise st'ted. 

Discussion. 

"reclse  study cf  the   llould?  of  interest  Is   »vndrred 
difficult bv a number of factors.    Stmol*=s from different 
sources or 'vn from th,:  «»me source give differ-nt results. 
X-104 gels  P ■"   very sensitiv-  to moisture  in  the-  solid X-104 
end the drying conditions used In lb prenrrrtlon,   v fret 
which wrs not •oor» clr t<-d   mtll   "elctlve-ly lcte.  In the 
present work.     All thickened furls  cr  rpt to ch'.nge  in 
viscosity on keeping,   this being oertlculrrly mcHcerd for 
the metheoryl» t--   interpolywrs.     Ov^r ».nd rbeve  these, 
dfvelooment work on the  thickening tgents h's b«-<--n Troc^'d- 
lng steedlly during the nerlod undtr review,  m-klnp  lnformn- 
t'on,   In some c*.s«"8,  obsolete rlmost rs soon es obtained. 
Th'se  frets mcke  the  vilues  quoted  pbove  only tynlcr.l  end 
m»-y In srme   lnstrnc-s mrke  the d-tr not entlrdy ccnsl«tent. 
However,   the values cbtelned for correlation with the 
prticticrl experiments described In Pi rt II w* re obt'ln^-d, 
wherever oosslble, on the  s*.me solutions  rnd on the  srme   d-y. 
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•  Th'   h'h'vlep shewn by th«-- thicken d fu*ls  in thr 
"J"<l"'s  lr thr" viscoslm-tcr  Is  of  th- >r-'t  st  Int'C'St. 
Refc-ring b*ck to th'  sketch on o,   10,   thf  Mrc!"«ch'fl 
nr-ssurv   «nd cth  r v'scoslm'trrs   «n which st'-dy n. vnr-nt 
Is  ».tt'lncd rr• JUB' bly -r rsupf   .   v*scoslty comr»r'bi,   to 
Df,     Thv   «•-ron'ne* WISCCIP- t - w,    n th'  eth« r hrnd, npeb'bly 
fnri  «■ .viscosity nrp-   c-mr.r--bl'   to DQ s*nc>   Uttl«   ^r 
ncfl-w oecups.     ft   should,   thTffor- ,  not ^xn. ct  «up.-.«, nt 
b' t*' • n th'-   v- rlcup r-* thods  «mnloyrd. 

Thr  occupp'nc-   of t  mrxlmum mr» rrs  to b.   conn^ct-d 
*'th th-   rr s-re   «f hyd-ecpb n chains  In t.h.   llould    • j■ 
• lso — nlfst'd by ■ l'-tlclty.     Th- s'   cVrlns mry b    olctup d 
••i»  *   -r.-rld, . fnrl.d i-'ss,   th'   lndlvldu' 1 chr Ins b-«~g 
tlfd top- th- r «t c.pt-ln nelnts  of 'tt'Chm.nt by send-rr 
rl'nc    /ore h> n subj^ct'd to »udd« n sh » r. th i «r 
eh-Ins »11L  V rd  to st»"lght-n md thr   oolnts of    tfchmmt 
fs th-y oom    und.- str» In,  will bp-< k successively.  > ccount 
Inc   fcr   frhf   r> xlriii   'n   th»    H. fl.ct«   r,   »<■».    -..— T_   _   _ In»-' fcr the   --x!"i-t  'n th»   d. fl.ctlcn tin*   c IPV 
c- s« s in-.»M . st**- tch icy b-      o««lbl 

In m> 
th'   m» th' cryl11- 

lnt'pnclyir ps,  glv!np .   slew Mf   to  th-   n. xlmum, wh!l-   1 
- th- r» *..   X-104 lyo l !n,   th' ««   m. y b'   llttl- 

n 

uncurllntr of  th'   ch: lnr no-slbl-,   thrp<:»nts  of  'tt-chm-nt 
c mlng und P «tP'ln 'nd bp. »king -lmost  lirnnrdlrt'ly    th is 
plvlng .Id  r*-    te D, m'x. 

Th«   t-mpTtu-    co fflcLnt  Is  In • i*r *mtnt with th- 
• bov.   olctup ,   th.   'ctlwtlon • n- pgy f und fop X-1C4 b-lng 
tbcut  thrt of th*   hydros, n llnk'g-.    Fop r   b-sic* • lumlnum 
so-n  th    hyd-^g n link svme  .   v-py rpob-bly form of bend 
•t  th-   joints   . f • tt-chm* nt. 

top th    *nt' »"oclyr r g» Is  « 
sk  tch d s   • i»s  w  py npoh'bl- . 
thf   cdnoly- p*zd -■ th« cpyllc  ■ 
th» .w't P tlobul  s, plvlng f b' 

uch «•   stpictu«*'   is  th* t 
Th:   nel'p e-pboxyl ppouos of 
c!d n  uld t-r.d  to llr   In 
11  md  ch'ln str-ictu-    to 



-22- 

thr  g 1.    Undvr sh*-rrt   the chrlns would tend to straighten 
rnd the   crrboxyl grouos,  functioning M points of ettFchment, 
would b* »lullrd from the wnter spherules.     This  is  in agree- 
ment with the much gr* r.ter times  reoulred by the internoly- 
M r g-Is  to r* ech D      .     Hecv-rry of the  nbove  structure 
might to   -XDfCt d to bV much slower, thnn recovery of P 
structure   formed by mcleculrr forces  ss  in the X-104 gums. 
This  is found to be  true experlmentplly.       Also prlmr fncle 
•vidi-nc   for the rbove  rre the frets   thst tbe  interoolym-~r 
dissolved in grsoline' clone gives  r Newtonirn liquid,   rlco- 
holle custic potrsh will not give c gel  although one cen 
be mrdf  to fcrra If sufficient wrt°r be  edded subseauently. 

With Pormul'   241  rnd simllrr gels  it scms possible 
th«-t  the high viscosity mey be due lrrgely to mechcnlc&l 
int»■ rf•• "«.ncc- of the wrter spherules suspended In e highly 
viscous medium.    No peck or D   x would be expected fron 
sach I  system on the  "Jeweler's  lrthe" viscosimeter. 

In th-   rtsonrnce or osclllrtlm viscosimeter since  the 
disDlrc ments  're very smrll rnd short in durr.tlon no 
br 'krgt* of oolnts  cf rttochment Vtw^en the  chrlns would 
be "xpect<-d, movement of segments of the  trngled mess   through 
th»-  llauld menstruum with nosslbly seme uncurling of the 
civ ins   > Ion-   would occur*     A higher modulus  of rigidity <-nd 
lower viscosity thrn in strtic exoerlments would be exoected. 
Such behcvlor is found to b'-  rxorP!".""d by r spring end drsh- 
oot mcdel.     This wrs  found to br-  true > xceot  thrt the 
rigidity modulus  rnd viscosity obtained by both the regonrnce 
rnd F.* *ry methods  rre nrrcticlly independent of fr^auency. 
Such i   r< suit would not be .^xpectrd from r-ouetions b^sed 
on «t'tisticol mechanics« but hrs  clso been observed experi- 
ment' lly with other nolynu.rs.** 

To sum~irire,   thr  thickened fluids found to be of 
int—-st thus frr ere pseudoplrstlc  rnd show no nccullrr 
ch'ng s  in rhiologlccl behrvior when mersu^ed rt fr^oueneifs 
of from 5 to 500 cycl's/s^c.     The rlrstic properties  of 
some of the  fluids  r.re  c nslstent with ß  trngl-'d chrln 
structur-*,   th    chrlns being rnchor*d to erch other rt oolnts 
cf 'ttchm-nt by secondary    vsleatf  forces    or in some crisis 
nrssibly b~ing rnehored to wfr sph-rules by the nolrr 
c rboxyl grouns of the cooolym<fri?<c-d m<-thrcrylic  rcid. 

A.  Tobolsky »-nd H.   Eyrlng MRh' ologicr.l Pronertl^s 
of  Rubbr-llke  Mrt^ias" Society of  Hheology 
Meeting,   Hot-1  ?• nrsylv-nifi,  N.Y.C.,  Oct.  30,  1942. 

Discussion on "bove neper.    Society of Rheology 
Me  ting.     Hotel  "ennsylvnir,  N.  Y.C.,   Oct.30,1942. 
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TPTIGNITSD JET AND BOMB gXPERII'SNTS. 

1/ft" J>t Experiments. 

A smell model cylinder end l/p" noz2le hsve been built 
to cbtein unignited ren-es« for nressures up to 1000 pounds/ 
saubre Inch. .This wos slmller to the-t. previously "described 
by. Hotte 1: end G&rrcwrty*« except thst sn Indicator ?rm wes 
etteched to- the piston, allowing the r£-te of travel of the 
letter to be determined. Figure 27 shows the whole eppere- 
tus reedy to run, while Figure 28-shows cylinder snd Indi- 
cating mecherilsm.In more detell.  The nozzle Is-Inclined 
"trprngle of 7° to the horizontal ?nd Is so mounted 
thpt it crn  be roteted recording to wind direction.  The 
cylinder A Is charged from the reservoir B, containing the 
liquid under •'Investigation, by merns of pressure.  The nitrogen 
pressure in cylinder C Is adjusted to the desired velue end 
the cherge fired by.opening the vrIve" D.' The trevel of the 
piston is recorded by the silver solder stylus E recording 
on 6  sheet of .br-ry.t-T.-cor ted paper op the rotating drum,F, 
driven by synchronous'motor, G.  Nozzle velocity wss siso 
measured in some ceses by high speed photogrrphy 
(1500 fremes per second)  of the jet.  Good egreement between 
the two methods wrs obteined.  Rcnge wrs measured wherever 
possible by rcturl observation of the point where the strecm 
struck the ground.  «Vith liauids of low viscosity, however, 
ctomizetion Is so greet tb*»t the r^nge must.be estlm-eted 
while the jet is In the rir.  All renge determinations were. 
m^de by the seme observer so thrt they ere -Relieved to be 
c nsistent end good to * 4 ft.«** 

Renge d^te for the liauids Inyestig-ted rre given In 
Appendix II together with jet velocities r-t the nozzle. 

The rpperr^nce of the liaiid stream rS it lee-ves the 
orifice is of considerable interest.  Newtonian liquids of low 
viscosity, e.g. g-sollne, even -r-t r  pressure öf 1ÖÖ lbs./so. 
In. ere completely broken up r-t  the orifice end form r fine 
sorry (Fig. 27b).  Newtonian liauids of intermedirte viscosity, 
1 to 10 poises, while'completely atomized ;;t the higher 
pressures, S"-y 600 to-1000 lbs./sq*in., Issue 

f 

*  While It Is fully realized thrt ignited jets heve consider- 
ably greater r'nges th&n unignited, due to the lowered den- 
sity of the werm fir,- the fr.ctors influencing brerk-up of the 
jet must remrin the srne.  Therefore, eny conclusions drawn 
rs to the most desireble physicrl ch°recteristics for r  thick- 
ened fluid for maximum renge, willprobrbly remeih "vr-lld for 
ignited fuels.        - - . • '.•* 
**  Joint Renort ön "Streue -of NDRC Projects on "Flrme Throw- 
ers."  6/24/42. 
**#  Wind greatly effects rrnge.  The runs ~lv;^ys were mede 
with the wind, the velocity of "which ws not grer-ter "th^n 
1—3 m, p. h. 
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rs i  smooth stream rt lower pressures, finally brerklng up 
2 to ft ft. rwsy fro» the nozzle (Fig, ?8b).  Newtonirn 
liquids- of high viscosity show no bwk In the stream or 
' tomiz*tlon 't pressures up to 1000 lbs./sa. In. 

X-104"thickened fluids behrve like the Newtonian fluids 
of Intermediate viscosity. Th--t Is, et higher pressures, 
there may be some break-up c-f the Jet.  This Is not found 
for the most concentrated solutions. 

The Isobutyl methaerylate thickened gums show no 
atomlzation. The 5%  Isobutyl methaerylate (O.ljt lnterpoly- 
mer) comes out as a continuous stream at low ore?sure« 
(100 to 400 lbs./sa.In.), separating Into "snakes'* at 2 to 
4 ft. from the nozzle. These then pull together Into 
spheres.  At higher pressures (lOOOlbs./sq.lh.) a break 
In the stream occurs similar to that shown by Newtonian 
liquid? of intermediate viscosity. 

Factors Influencing Range. 

The important factors Influencing range would seem 
to be (1) the initial kinetic energy of the Jet which . 
dictates the maximum oosnible range, (?) the frictlonal 
drag of the air which ultimately causes Jet break-up and 
orevents attainment of the maximum possible range. 

Both of these will be dependent upon the physical, 
properties of the extruded llauld.  It 1? desired to know 
which of them, among those described in Part I of the , 
p-e?ent report, are of significance. 

The Initial fomentum of the Jet. 

For a given nozzle, the Initial velocity of the Jet, 
V, will be dependent upon the applied pressure, P, the 
viscosity,;^ , and density,/^, of the liquid.  Thus, 

V . C y 2g° ,  . 

where P is expressed in feet of fluid flowing and C is the 
discharge coefficient.  When the discharge coefficient 
is plotted agpinst the Reynold's Number TN/O/y,  where D 
is the diameter of the nozzle, a smooth curve is obtained 
indicating that C and hence V Is a function of the density 
and viscosity of the llauld under test. Such was found to 
be the case in the present investigation when the drta for 
the Newtonian liquids were plotted. 

For non-Newtonian llaulds it might be expected that the 
discharge coefficient and hence the nozzle velocity and 
initial kinetic energy would be governed by the aoparent 
viscosity of the llould «t the rate of shear met In the 
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oriflce.  This is undoubtedly high end probably corres- 
oonds to rates of shear commensurate with those found In 
the high pressure capillary vlscoslmeter (p. 6).  The 
Initial velocities found do, In fact, correlate at least 
nualitatively with the apparent viscosities measured at a 
rate of shear of 4000 reciprocal seconds, (Fig. ?9). 

The only serious discrepancy apnears to be for the dllatant 
stareh-gluccse-glycerol mixture, whlcV has much higher 
Initial velocities than would be predicted f»*om Its visco- 
nlty-Tste of she*r relationshio.  This may b,e due to plug 
flew at high oressures, a layer of llouid lubricating the 
passage of a plug through the orifice. 

To attain the same Initial kinetic energy, ->V2/2g ft. 
lbs./cu/ft/, from a liquid of high viscosity It will be 
necessary to use «" greater pressure than fpr, a liquid of 
low viscosi.ty.  Kence, It is' Important to compare ranges 
a't eauel initial kinetic energies rather than eaual. 
nrepr'UT'es, oarticularly. because the discharge coefficients 
of the oseudoplastlc materials cannot be nredicted. .There- 
fore, in the following where ranges ere to be compered, 
•f  V? mill n« used rather than nrespure.    .,. : 

,:' . .. ■ • i« 

Jet Break-up. 

•On pp. 4 end 5'a number of nhyslcal properties which 
might control Jet break-un due to the a>earing action of 
the air were lifted.  Any practical flame thrower la pro- 
bably restricted to the u?e of.hydrpenrhon or .ccel tar fuel, 
for such materials large variations in density or surface 
tension a•'«• probsbly lmoractierl but viscosity may be varied 
over nt leest a tho'issnd-fold renpe by the incorporation of 
solid fillers or by the solution of thickening agents. 
Hence, the liauids used in the present study were picked 
in gVLCh  a way as to cover a wide viscopity range and to 
rllow simultaneously the Importance of the variable* 4-9 
of o. 5 to be ascertained. 

The nhenom'-na described Bfc^ve undoubtedly Indicate that 
viscosity play? a considerable nart In controlling v»npe 
even before' tfe llouid meets the sir.  Calculation shews 
that liauids such as gasoline'which are completely atomized 
at the nozzle arr In turbulent flow through the orificej 
while,, at comnareMe Dressures, liauids of higher viscosity 
which undoubtedly flow through the orlfiqe In viscous motion 
give a smooth stream.  It S' ?ms reasonable to believe that 
if the jet Issues from the orifice in turbulent flow, its 
air resistance will be grtntly increased end its rsnge 
shortened.  If, en the other hand, it issues as a smooth 
rtr^am even elth ugh its initial momentum may be lower its 
range nay b<- prater.  Vilth lioulds of low viscosity, 

t  therefore, there Is cobsbly an ootimum nressure for_range. 
This should move toward higher and higher rressures w'ith 
rising viscosity.  For lioulds of medium' viscosity no maxi- 
mum range, may be observable. 
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In Fig. 30 range Is plotted versus/» V? (proportional 
to the Initial kinetic energy) for the Newtonian liquids 
of low viscosity.  As nredicted In the last paragraph, some 
of the curves pass through a maximum which seems to occur at 
higher momentums with increasing viscosity.  With these 
types of Jet It seems likely that surface tension also 
plays a considerable role since the glycerol solutions show 
high ranges for their viscosity.  In the curves of Pig. 31, the 
range passes through no maximum but increases steadily with 
viscosity until blown castor oil is reached.  These lloulds 
also show no break-up at- the nozzle. 

On Fig. 3? results.for the X-104 thickened fluids 8re 
plotted.  This graph should be studied In conjunction with 
Fig. 5 on which the at>pe rent viscosities of the materials 
under test are nlotted against rate of shear, 2£ X-104, 
while It does not ^reak up at the nozzle, shows ranges 
comparable to boiled linseed oil, which has- approximately 
the same, viscosity.  It will be noticed on Fig. 5 that the 
viscosity curves of polyvlnyl alcohol and Ksraya Gum cross 
at approximately 50 reciprocal seconds.  On Fig. 32 their 
rapge curvs cross.  On Fig. 5 the viscosity curves of 
blown castor oil and 6%  X-104 cross at approximately 16 
reciprocal seconds, v/hile on Fig. 32 ;the range curves agsin 
Intersect.  All the range curves lie In order of their 
viscosities or apoar*ent viscosities, hence It seems plausi- 
ble to rfason that the principal property of the liaulds 
affecting the air drag is viscosity.  If we assume that 
at the pvint of intersection of the 6%  X-104 and blown 
castor oil ^-ange curves the rate of shear Is 16 reciprocal 
seconds and the viscosity of the two llauid streams i90 
poises, then the shearing force exerted by the air Is 3040 
dynes/cm.2.  This Is of a reasonable order of magnitude 
since, If we assume that the stream travels as a cylinder 
from the jet to the ground which it reaches with zero 
velocity, the shearing force reauired would be of the 
order of 1500 dynes/cm.2.  These are both rough calcula- 
tions and probably no better agreement could.be expected. 

The Isobutyl mcthacrylate interpolymer thickened fluids, 
results for which at equal initial kinetic r-nergy are 
plotted in Fig. 33, once again fall In order of their viscosi- 
ties.  The Karaya Gum and 2%  isobutyl methacryl8te* fall in 
the right nositlon if we assume that the curves obtained on- 
the Clerk-Hodsmsn intersect at higher ratesof shear,  unfor- 
tunately, no reliable data could be obtained for the Isobutyl 
methscrylates on the MacMichael viscosirneter owing to their 
high elasticity and tendency to wind themselves around the 
Inner cylinder suspension.  At ccmoerable mementums the 

* The XP culisr shape of the 2A3-2 curve is probably due t* 
wind,, which spreng up while the gt-tenrot was being *«8de to 
finish the series. *' .* 

J 



-27- 

sample of Formula 241 weighted with DOwo>rpd lead showed 
a greeter range than the unleaded gum hut this may he 
•explained by the higher viscosity of the former. 

from the data of Figures 30-33 and 5 it would appear 
that the velocity gradient effective on the liauid stream 
while it is passing through the air varies from 15 r^cioro- 
cel'seconds at low to 50 reciprocal seconds et high initial 
kinetic energies.  For, e V? lvalue of 50,000, the maximum 
attained hy the most viscous, Newtonian liauid, the corres- 
ponding r^t*7 of sh'er would he'about 30 reciprocal seconds. 
Fig. 34 shows e olot on semi-log paoer of rme*>  at an 
initial kinetic inergy eouivßlent to V*/>m    50,000 vs. 
apparent viscosity (pois-s) measured on the MacMichael 
vlscosim-'t'-r at this re.tr of she>ar.  With the exception »f 
water, the glyc--rol solutions and liquids of very low vis- 
cosity which er atomized highly, a good straight llnp is 
obtained.  Also shown on the plot is a point for leaded 241. 
This might be-, expected to be higher then the curve, Pince 
r.t  the spmc momentum, the velocity will be considerably 
lower with conseauent reduction in eir resistance.  Con- 
sidering the» wide range in viscosities, th<~ different nature 
of the matpripls studied end th" uncertainties in irngF 
determination, th<= correction is r^merkcblr good. 

Plotted on Fig, 34 rr<: liauids of oil tyoes, thr wide 
veri^tion in their Droperti-s b*»ing summarized in Trbl^ V. 
Included a^e Newtonien liauids with viscosities verying 
from 0.006 poisos to 190 poises, pseudonl^stic liouids with 
pronounced rigidity, P dilotent mixture», rnd cpseudo- 
plrstic material having a yield vlu**,  Qualitatively, the 
results for the isobutyl methaerylrtf- thickmrd gels which 
show work hrrdenlng ore also in agreement.  This does not 
Biftn that ether factors may not nt  times beceme imoortrnt. 
Thus, X-104 thickened fluids with high "shortness",i.r. 
low extensibility, p. 17, give lewer ranges than "long" 
pell orobrbly becruse they resemble too closely in oroper- 
ties P true- solid.  Thus, they show a relrtively high modu- 
lus of rigidity and the stream in thf pir appears to shatter 
or crumble' into fregments rether than" pdhe-re tog^th^r, 
Nrv^rtheles?, except for liauids of high surface tension or 
very low viscosities, the conclusion s"^ms inescnpeble thnt 
E t ^oual initial kinetic energies, r^nge is mrinly a function 
of rooerent viacosity m esur*-d et the rrte of shenr appro- 
priate to pericl drag. 

We can new exul^in why thickened fuels ar* so sptis - 
factory for use in the» flame thrower.  An ordinary Newtoninn 
fluid of high viscosity mcy give v^ry setisfrctory rrnge at 
high enough momentum: this, however, crnnot be nttrined 

* Storme-r viscosities» for this mixture- w*re obtained bp- 
ccus'e it w's imm vsurpblc on the Mpct'lchrel viscosimef-r. 
TJK rbsolut- rrte of »hear on the Stormer wrs d^tTmined by 
cllbr«-tion with r non-Newtoni^n liauid which hrd oreviously 
br»-n m< esured on th~ MncMichael^, 
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except by the use of excessively high pressures.  Thus, 
with P polyglycerol solution, hiving e viscosity of 9000 
pofees which would be ide^l to prevent breok-up of the 
Jet by thp Fir, the V2/;attninnble et 1000 lbs./sa.in. 
pressurp wps only 43.  Pscudoplnstic meteriols, on the 
other hrnd, give e low apparent viscosity Pt high rates of 
sheer, nllowing high initial, kinetic energies to be ettpined. 
At low rrtes of shrsr high rpprrent viscosities ere shown, 
wrich nppprpntly are effective in preventing brepk-up of 
the jet,* 

3 

_Nqrzle  Rete__of_Shenr. 
ldw\ viscosity 

\J       ' 

Air rot* of Sheer 

Sherring Force 

Prpcticplly, therefore, th~ following "tpntptive- con- 
clusions mry be r*-ached.  Determinations of thp npppr«<=nt 
viscosity of p liaaid under teat for Use in a flrme thrower 
should br mrdr over two ranges cf rrte Of shen^, namely 
from 5 to 1000 reciDroc^l seconds rnd 1000 to 10,000 
v ciprocp.l seconds.  In the first rrngf.= .the eppp. -"^nt visco- 
sity should not b< If ss t'h*n 500 pois-ps.in the second it 
should not be greater th«n 20 poifiea.  Such tests do not, 
of course, ->llow rny Dredletion of Ignit^bility, ignited 
renge, etc., but.Ty still be useful in the development 
of new meteripls. 

* The dilrtent mixture of stnrch-glucose-glyce-rine also 
geves good « nge.  Even at low rrtes of sheer its viscosity 
is ve^y high, of the order of P000 poises.  At the high rnt s 
of shefv  encountered in the orifice the rpprrent viscosity 
would be ^xp'ctcd to be so grert th^t the Initial kinetic 
energy would be very smrll (less thrn-thPt for polyglycerol). 
The relptivcly high inltipl kinetic energies obtained in.dicrte 
thrt thrro must hrve been slipnrge, the material being forced 
through the orifice as p plug,  Whether ell dll^tpnt meterlnls 
would behav in this manner rllowing pr^cticel initial kinetic 
energies to be obtained Is en open oucstion. 

I 
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M-56 Incendl;ry Bomb Experiments. 

■• • It hrs not proved possible to mrke ss mr.ny experiments 
■ with bombs q?.  with the fl-me thrower .rnd those mRde'hrve 
b-Vn restricted entirely to th<* M.-56 Incendlrry bomb fired 
'Stetleelly fit c terget or In the open field.  For the former 
•the bomb Is set up 30 ft. rwry from ond pointing et o 
vcrtic-l ply-wood target.  Aft^r firing, the proportions 
adhering to' the tp.rg'-t end vt  Its brse rre estimated.  In 
the op'-n flr]d t~st, r bomb Is pieced on the ground rt en 
rngle of 30° to the horizontal ?nd fir-d.' The --.mount of 
scrtter rnd distance treveled by the bomb contents r.r-" nct^d. 
For th'-se t':st methods rnd the following firing test results 
we rw Indebted to the N.D, R.C. group rt the Strndrrd Oil 
D.-vi-lopment Comnrny, Brywry, New Jersey« 

A number of mrterirls of known rheologlc^l cherocterls- 
tics h-ve b'~< n nlrced In c-sings rnd fired.  Results err 
shown in Tsblr VI. 

Presumably the m:chrnism of ejcetlon from-.thr- M-56 
for liauids whose effective viscosity Is lrss,] then rbout 
100 noises Is thrt shown In the cccomorny'ng dlrgrrm: 

'etnl^disc iT^N       filling 

Crar<re   *-* 
Chamber   (-■ \—a—         " >^_ Sypiorive-Rapes 

The disc sepling the explosive chrrge chrmbep cut its 
wry through the N wtonirn liauids of viscosity greoter then 
100 noises lervlng rn «"nnuler ring of fluid ndherlng to the 
crslng wnll.  Apparently, the explosion grscs.pre Incnpeble 
of forcing th- llauld out If Its viscosity is too high end 
must sr"-k their relecse behind the metrl disc.  Pseudo- 
plr.stic mrterirls, on the other hsnd, invrrlrbly If r.ve the 
csing entirely cl rn Indicting thnt the r^te of she^r must 
be such thrt their eppr^ent viscosity Is reduced te 100 
poises or If-ss.  With filling mrtrrlßls of v-^ry low visco- 
sities the grses mry be rble to mcke their etoope through 
thi llould too rrrdlly, rtomizing some of It end f'Ulng to 
give the r-mslnder £dr our.te momentum.  This onuses r lorge 
proportion of the filling to b<* deposited in frent of the ens- 
ing« e.g. blown enster oil. 

Once out of the crslng, the mnterlpl Is subjected to 
sherr by the ralr «nd the ense becomes nnnlogcus to the flrme 
thrower.  There rre, however, two dlffrrences, first, the 
blob of msterlrl Is much l«rger, *nd, second, Its speed is 
only cboit one-fifth of thnt of e flrme thrower jet. 

I 
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Thus; the sheering force due to the air should be smaller 
end it would be expected thnt lower viscosities than.those 
reaui'red in the flerne thrower would be sufficient to insure 
errlvel in en unbroken mass et the target.  This does not 
arpm to be entirely true.  Among the Newtonian liquids, 
polyglyoerol of about 500 poises was the first to cfirry 
adeauetely to the target with little break-up of the gob. 
The satisfactory" fillings In practice, R# X-104, 4% X-1C4 
* 10£ newspaper pulp and Formula 241, ell hove 8operent 
viscosities of the order of 500 noises at 30 reciprocal 
seconds, end et lower shears their viscosities must be some- 
what greater.  In field tests, as in target tests, they 
behove similarly.  This discrepancy may be du* to the com- 
pression of the charge by the explosive wave, followed by 
Its tendency to expand and shatter after release from the 
casing.  T>.ls may result in a higher apparent viscosity 
being reaulred then would be expected to be adequate to 
resist aerial sheer. 

However, the results, limited as they ere, suggest that 
the reoulrements for c  good M-56 Incendiary filling may be 
tentatively described es the possession of a pronounced 
pseudoplnstlc curve with an apparent viscosity at the 
casing rate of shear^about 150 poises and at the eir rate 
'of shears about 700 poises.  In order to evcluate this 
theory and. If correct, to fix these limits» considerable 
further work Is reaulred.  Consultation of Tables V and VI 
shows that although the rheologlcal prop^rtl^s, I.e., thixo- 
tropy, behavior on the Jeweler's l*the vlscosimot^r, etc. 
of satisfactory thickened fluids ere extremely varied, the 
apparent viscosity, as outlined ebove. is not the only 
factor.  "Short" X-104 gels, e.g. (10) in Table VI, ere un- 
satisfactory breaking up In flight end scattering.  As In 
the cese of the flcme thrower, this may be because 'their 
properties resemble too grertly those of a solid, the explo- 
sion weve cnusing them to shatter. 

Once the filling hns reached the target, the factors 
influencing adhesion are not so clear.  It eppears certain 
thpt the following reoulrements must be met: 

1. It must \>P soft enough so that the Impact of the 
mrss upon the well will flatten it out into a firm, thin 
layer without too much frrcture. 

?.  It must have r yield value or et least a high- 
enough apparent viscosity at low rates of sh^rr so thct the 
mass after being flattened out on the well will not run off 
too rPDldly. 

3.  It must hrve r little stringiness.  This should be 
low e>ough so that It will not bounce off the wrll pnd 
preferobly low enough so thct th* flattened moss will not 

! 
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draw together rgoln öfter being flattened nnd foil off. 
The exact rheologicrl properties reauired to produce the 
ebove auellties htve not yet been entirely determined. 
Formula 241 snd 4%  X-104 ♦ 10$ newspaper pulp both show B 
yield vrlue which may prevent drsinegp from the target. 
There appeared to be satisfactory wetting in all cases 
whcrp sufficient time in contact with the target occurred, 
but some fillings with high rigidity, e.g. the 7* X-104 
t 1%  Polypple Resin, bounce off the target immediately 
uoon impacts.* 

At the present time, therefor«-, It seems that the 
chief requirement for rn incendiary bcmb filling is lientl- 
csl with that for r. flame thrower llauld, nseiidoplasticlty. 
Other factors, Imperfectly underst' od, are, however, un- 
doubtedly importrnti  Chief of these t re. those influencing 
adhesion. 

* Cons id- "able light 'ipon the behavior of bomb fillings 
Is given by the empirical "dropping test."  High speed 
movies hrv* indicFted thot the velocity of the chrrge 
through the r>ir cfter leaving the casing Is of the order 
of 50 ft. per second.  The impact on the target, therefore, 
may be duplicated by dropplnp the materiel from n  height 
such that It reaches n  target on the ground with a terminal 
velocity of approximately 50 ft./sec.  Tests are mnde 
dropping 50 grsms of the material so thrt they hit a piece 
of plywood inclined et an angle of 45  to the vertical. 
Short gums bounce and fall to edhere and, In general, the 
results of this test very closely prralle 1 actual firing 
trsts. 



TABLE I I 

RIPIDiriSS agD P5LAX^TI0K TIISS OF SCIS .THICKSET) FLI'IDS AT 70°F. 
Resonance        Ferry 

Clark-           5-40               l60-500      Relaxation 
Hodsr.an      Cycles/sec.    Cycles/sec. Time  

4% X-104 
(r% X-104 
G«5 X-104 
975 X-104 

12'? X-104 
13.5>?X-104 

13.5^ Ilapalr. 

25 dynes/cm. _ 
300 550 
700 1450 
1400 2200 
3390 4250 
5300 - 

2530 

17-21  sec. 

10-16 sec. 
6-18  see. 

30 sec. 

6-18 sec. 

4% X-104 1 10£ Pulped Eone 
!'ev:s paper 

21,000 

Fonrula 122 Hone 

Formula 241 2600 

2"J Isobutyl f'ethaory- 
late 0.3^ I. F. 24 

3^     " 210 
5% 1020 

3C.000 

1250 

97  (£7°F.)      5-10 see. 

670 (84°F.) 
1480 (6i°r.) 40 sec. 

3Jj Isotutyl Kethacry- 
late O.ljS I.  P. 3 

53 " 165 700 306 (77°F.)      16-30 sec. 
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TABLE    VI 

Apparoct 
Viscosity 

K l t o r i l-S      Charact-r    70 F.,   30 B::C.
-1 Results 

1.    Flown Castor    Kontonian 
Oil 

2. 

96 poises 

250 

3.    Poly.'lyo.rol 450 

4. 910 

Casing cleared, much oil 
atomized,   some   liquid 
left in front of casing. 

<ts  (1) but some oil 
reached target. 

Considerable polyijlycorol 
left in casin;', metal 
disc probably cut through 
charge.    Little atomiza- 
tion,  some liquid in front 
of casing.    Considerable 
scatttr in droplets 2 cm. radius 

20?! liquid on target. 
Kintal disc cut through 
charge   leaving consider- 
able liquid in casing. 
L ss  s»att:r  than in (3) 
"o atonization. 

5. 4200 

6. 9000 

Thixotropic About 
7«    Rentoait« Pseudoplastio      10 

Kotal disc cut through 
charg ,   leaving an:u- 
lus of polyrlycrrol  in 
casing.    3Q£ traveled 
through air  as a mass. 

Metal disc cut through 
charg*-  li. aving  aruiulus 
of polyglyocrol in casir.g. 
Tone atomized,   all material 
leaving casing on target* 

Casing cleared.    Considerable 
atomization.    About 20/i of 
fillin" reached the  targ t and 
stuck to  it. 

?.    Starch--lucosr.-Dilatant        8000 Casing spun in the  air so that 
40# on tar^ t,  30$ on Avail be- 
hind original  casing position. 
Material on target at first 
solid,  started to flow aft r 
30 s-'cs.    Littl.   left in cas- 
ing. 



Material 

Apparent 
Viscosity . 

Charaotcr   7C P., 30 BCO." Results 

9.    C;1 X-1C4 Pscudoplastio   5CO poise« Fair ,.dhrrcncG.     ilo  scatter. 
About 4C^: on target,  4CT' at 
base. 

10. T't X-1C4    * " 
1$ Polypale 
Resin "short" 

11. AS X-1C4    ■»      Pscudoplastio   520 
10^ Kowspaprr    ?i'ld Value 
Pulp. 

12. P-241 Pscudoplastio 4^0 
Yield value 

Thixotropio 

Considerable scatter. About 
10;3 on target« ?aor  adhesion 
with bounoe fron th< targeb. 

About 20jS poattrr. "JCT.l  on 
target« Bxocllont adhesion. 

Son... ceatt- r« 55f» on tar(V.t. 
nood  adhesion. 

* The fillir.f, is charged inte th< cusinp in a thin chosacoloth 
bap, the mouth of which in ti' d with string« 



A ? P E i: D I X 

V a p a 1 m. 

Basic aluminium soap of riaphttenic and palmitic acids. 
Prpar d by milling the  solid soaps at 95°C    followed by 
solution in gasoline  at room t.-riper aturc.    This has b< .n 
Bupcrscdcd. by 

X-104. 

Basic aluminium soa:" of naphthonic,  oleic,   und cocoanut 
oil fatty acids  pr. pared by precipitation of on aluminium salt 
vrith the   sodium salts of  ehe acids in aqueous  solution.    Drying 
conditions and moisture oontent greatly influ-.nce the properties 
of the gum r-suiting vrh. n th« dried salt is dissolved in gasoline. 

IsoMityl fcthacrylate VR, 

This  is  a normal  isobutyl m. thtorylat« polymer us> d in 
Formula 241. 

Isobutyl i: thacrylatc AE. 

This  is  prepared by oxidation of th.   lit polymer so that some- 
car noxyl groups result. 

Isobutyl I ethacrylate Intorpolym r. 

Thes»*  arc prepared by copolyrtKrisation of tht; methacrylate 
y.lth 0.1 to 0.3$ mcthacrylic acid.    In making up solutions,   ttuy arc 
dissolved in gasoline,  stirred for 15 mins.  and \% of caustic soda 
in the form of a 40/1 aqueous solution added.    In the code used in the 
present report the  first dii*it indicates  th^  percentage  polymer used, 
A indicates  isobutyl methacryla:<.,  the s:cond dir.it the  percentage 
of copolyr.1 riz; d mcthacrylic  acid and the remaining digits the 
identification of th:   particular  solution«    Thus 3A3-2 indicates 
3j1 laobutyl methacrylate 0.3S interpolymer thu toeond solution 

Forruia 241 . A -2592, oto. 
i:aph- 

Poly-    Polyne r Bt< aric thenic '.fond 40£ iiqueous Castor 
Code To. Gasolin. 

C7.O 

m::r. Kind Mid AOid* V.osin Caul tic Soda Oil. 

F-241 5 NR 2.5 2.5 3 
F-122 sr.o* - - 3-5 - 1.75 3 3.0 
A-2596 87 5 AE 2.5 2.5 - 3 
A-2599 89 3 AB 2.5 2.5 - 3 
A-2600 90 2 *F. 2.5 2.5 - 3 
A-2601 c:.75 3 AS 3.5 - 1.75 3 

• 150 0 flash k rcsene 

I 



A, P P 3 :■ D I X      I I 

litter ill 

Gasoline 

Tf a t c r 

T?av-.' Castor Cil 

40 5. A. 3. 

Polled Linseed Oil 

starch-Glucose-Glycerine 

Polyvinyl Alcohol in "fatcr 

2*^ Karuya Gun 

Eojzlc 
Velocity 

-i/in.2 Ft./Riic. Range 

200 185 35« 
400 225 it 

6oo 288 n 

800 319 « 

1000 323 ii 

100 130 28 < 
200 170 28' 
400 222 30« 

200 147 40' 
400 203 57' 
600 241 52' 
800 287 52' 
1000 317 53' 

- 100 126 38- 
200 166 43' 
400 215 44' 
600 256 52' 
800 289 54' 

1000 317 65' 

100 139 40' 
200 166 47« 
400 230 37« 
600 260 40' 
800 340 46' 

1000 323 46« 

200 70 56" 
400 130 06- 
600 165 110' 

1000 235 110' 

20C 111 5o« 
400 148 62« 
600 185 70« 
800 225 70' 
1000 273 75' 

■ 200 175 67« 
400 231 72' 
600 287 76« 
COO 320 80' 
1000 362 86« 



I' a t c r i a 1 

Blown Castor Oil 

70 S. A. S. 

^ntonit.' IO5? 

Formula 241 

Leaded 241 

4£ X-104    *    10J? Pulped rows- 
paper 

Aqurous   Glyc- rol 

Aqucoui  Glyc.rol 

Polyglyocrol 

2"Ü Isobutyl r.thacrylatc 
0.3^ I.  P. 

Nozzle 
Velocity 

JI./I_ 2 ■/ in • Ft./Sco. 

200 67 
400 123 
600 174 
800 222 
1000 239 

100 131 
200 167 
400 220 
600 254 
800 287 
1000 317 

• 1000 315 

100 82 
200 107 
400 174 
600 222 
80C 270 

1000 298 

400 148 
600 171 
800 189 
1000 208 

60C 271 

200 160 
400 189 
600 230 
800 250 

1000 277 

- 200 167 
400 194 
600 232 
800 264 

1000 292 

100C 6 

100 133 
200 176 
400 218 
600 2£5 
000 340 

1000 333 

Range — 

32' 
60t 
75' 
80« 
85« 

47« 
491 
61" 
67« 
68' 
71« 

56' 

33» 
46» 
73« 
81' 
93» 
90» 

80 • 
105' 
115' 
131» 

;ai 

57« 
57' 
82« 
73- 
73' 

64' 
64» 
71' 
68« 
78« 

0.5' 

75' 
75« 
70' 
80« 
90» 
90' 



o- 

Material 

2< iBobutyl i'.-thacrylat 
0.31? I« P» 

55g Isobutyl K.thacrylut'. 
C.#  I.  Pi 

5% Ieobutyl 1'cthaoryltttc 
0.15E I. ?. 

25? X-104 

at x-104 

9%   x-104 

12?, x-10; 

Kozzlc 
Velocity 

-Vin.2 Ft./Sec. Range 

100 112 60' 

200 147 80' 
400 209 85' 
600 25« 96' 
800 2?7 90' 
1000 327 90« 

100 100 45- 
200 121 56' 

400 179 87' 
600 230 98« 

800 266 105' 
1000 303 102' 

100 77 27' 
200 99 50« 

<*00 136 80' 
600 173 103 ■ 
COO 219 103' 

1000 252 105 • 

100 151 37' 
200 191 32' 
400 256 45« 
600 287 45' 

Ooo 320 46« 

1000 347 46' 

100 128 6v 
200 166 6b« 
400 23C 75' 
600 273 8o» 
800 311 65« 
1000 354 85« 

100 115 64' 

200 163 76« 
400 227 85' 
600 273 91' 
eoo 314 102« 

1000 34* 101« 

100 97 73' 
200 144 80' 
400 216 69' 
600 254 98- 
800 292 101' 

1000 317 116' 
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